1 The invasive brown marmorated stink bug Halyomorpha halys (Stål) is a serious nuisance pest in buildings. 2 To address how H. halys select potential overwintering sites and to predict the risk of home invasion, citizen scientists, primarily from the Mid-Atlantic region of the U.S.A., were recruited to count the number of H. halys present on the exterior of their homes during the autumn dispersal periods in 2013 and 2014. 3 Volunteers provided daily count data on numbers present on each exterior aspect of the home during the peak dispersal, as well as their home's location, colour and structural material. 4 Among volunteers, fewer adults were counted on white homes compared with brown and tan homes in 2013 and with grey homes in both years. Across all homes, greatest numbers were counted on the north and east walls in both years and on homes with wood, cement or stone exteriors. 5 In addition, significantly more adults were counted on homes in rural landscapes compared with urban areas in both years. Halyomorpha halys were found in greater numbers on darker coloured homes made of natural materials, even though these were less common than other types in the landscape. 6 Thus, homes located in rural landscapes with these features could be prone to larger nuisance infestations of overwintering H. halys.
Introduction
Brown marmorated stink bug Halyomorpha halys (Stål) (Hemiptera: Pentatomidae) is an invasive pest that has caused severe agricultural crop losses and has become a significant nuisance pest in parts of the U.S.A. (Hamilton, 2009; Leskey et al., 2012; Rice et al., 2014; Leskey & Nielsen, 2018) . Research has been conducted to develop monitoring and management tools for growers (Leskey et al., 2015a; Short et al., 2017) and to understand its life history (Nielsen & Hamilton, 2009; Nielsen et al., 2016) , although few studies have addressed the cues associated with dispersal to overwintering sites or overwintering site selection.
Adult H. halys overwinter in natural settings (Lee et al., 2014) and in human-made structures (Inkley, 2012; Aigner & Kuhar, The boxelder bug Boisea trivittata (Say) (Hemiptera: Rhopalidae) is also reported to orient toward the most prominent object or isolated buildings in the landscape (Hahn & Ascerno, 2007) . Other overwintering nuisance insects, such as western conifer seed bug Leptoglossus occidentalis (Heidemann) (Hemiptera: Coreidae) and cluster fly Pollenia rudis (Fabricius) (Diptera: Calliphoridae), have been observed aggregating on the south-facing walls of buildings in the autumn (Bodor, 2010) .
Halyomorpha halys can fly > 5 km within 24 h (Lee & Leskey, 2015; Wiman et al., 2015) , and therefore can disperse long distances to reach potential overwintering sites. Their autumn dispersal to overwintering sites occurs between mid-September and late October in the Mid-Atlantic region, with peak dispersal from around 21 September until the first half of October (Bergh & Quinn, 2018) . During this period, vast numbers of adults can alight on, enter and settle within buildings, creating a serious nuisance for homeowners and businesses in the autumn. Inkley (2012) collected 26 205 adult H. halys from inside his rural Maryland home during a 6-month period in 2011. Interestingly, not all homes in the same vicinity may encounter the same degree of invasion and nuisance pest problems; some are heavily invaded each year, whereas others report much lower numbers, raising the important question of why these differences occur.
One approach to examining cues that may be used by H. halys to orient to buildings in the autumn is through citizen science, a crowd-sourcing technique used to gather scientific information quickly from a large number of individuals (Catlin-Groves, 2012) . Gardiner et al. (2012) discussed the cost-effectiveness of this approach and noted that citizen science projects can generate three to four times the amount of data for the same cost associated with traditional research methods. Examples of citizen science projects include the National Audubon Society's Christmas Bird Count (National Audubon Society, 2010), the U.K. Butterfly Monitoring Scheme (Botham et al., 2013) and the ZomBee Watch, which tracks parasitized honey bees attracted to light (ZomBee Watch, 2012) . A citizen science survey specific to the nuisance pest H. axyridis was conducted by Heulsman et al. (2002) aiming to better understand its distribution and to devise management options for homeowners. Citizen science has been used to document initial H. halys sightings on homeowners' property and track the spread of populations throughout the U.S.A. (Hahn et al., 2016) , to determine the effects of pheromone trap placement on damage by H. halys in home gardens (Sargent et al., 2014) and for the early detection of H. halys across southern Europe to determine potential areas at high risk for crop damage (Maistrello et al., 2016) . Indeed, H. halys is a good candidate for citizen science projects because this pest species is relatively large, easy to identify and has drawn large public attention because of its severe agricultural and nuisance impact in the invaded areas such as Mid-Atlantic states of the U.S.A. Because of the variation in H. halys nuisance problems experienced by homeowners, citizen science offered an ideal mechanism for assessing the characteristics associated with its selection of potential overwintering sites in buildings.
It is likely that overwintering site selection is a complex, multistep process for H. halys, as it is for other species (Leather et al., 1995; Nalepa et al., 2005) . Although many aspects of H. halys overwintering behaviour have not been studied, there are behavioural steps that appear to occur as they cease feeding on host plants and disperse to overwintering sites. These include: (i) joining an aggregation of conspecifics on an attractive host in the field adjacent to overwintering locations (W. R. Morrison and T. C. Leskey, personal observations); (ii) movement toward a specific overwintering shelter using macro-environment and landscape-level cues; (iii) negative gravitaxis upon arrival at a shelter; (iv) acceptance of and entrance into a shelter; (v) using abiotic environmental gradients to find a suitable microclimate for diapause within a structure; and (vi) entering facultative diapause.
Step (i) has been observed by multiple researchers in a variety of locales, and often involves H. halys adults coming into close physical contact among folded or decaying leaves in autumn (e.g. stacking on top of each other in a confined space), usually on a preferred host plant adjacent to overwintering structures. Around the autumn equinox, adults are likely triggered by photoperiod, and to a lesser extent temperature, to seek out an overwintering shelter from mid-September to mid-October Bergh & Quinn, 2018) . During step (ii), adults likely use a suite of macro-environmental cues to orient to an overwintering site (Goldner, 2016) . For example, Bergh and Quinn (2018) showed that dispersing H. halys adults alighted more frequently on framed black panels deployed on a wall of an invaded residence than on frames without a black panel. In addition, the density of adults was higher in shaded, recessed doorways than on the associated walls, suggesting an effect of darker, contrasting surfaces and perhaps reflected radiation on their closer range selection of an overwintering site after arrival at a macrosite. As adults land on a building wall, they become negatively gravitactic (Chambers, 2018) and crawl toward the roof and awnings, a pattern of behaviour that resulted in higher counts of H. halys in the upper floors of dormitories (Cambridge et al., 2015) . Finally, likely in accordance with microclimatic environmental gradients (e.g. humidity, light, temperature; Y.-L. Park, personal communication), adults seek a confined location where they often aggregate and enter diapause. In the present study, we addressed events in step (ii) of the overwintering process, and hypothesized that differences in landscape structure, architectural qualities and building wall aspect would significantly influence the presence of stink bugs on exterior walls. In the present study, we made the simplifying assumption that relative presence and abundance on a structure indicated relative preference by H. halys. We addressed our hypotheses by recruiting citizen scientist volunteers, primarily in the Mid-Atlantic U.S.A., to (i) count the number of H. halys adults present on exterior walls of their homes during the peak autumn dispersal period and (ii) to relate H. halys presence and abundance to potential structural features, cardinal aspect of homes, and broader landscape features in which the homes were situated.
Materials and methods

Data collection
Citizen science volunteers were recruited via print and broadcast media and the StopBMSB.org website beginning in late summer of 2013 and 2014. All citizen scientists were provided datasheets that included habitus images of female and male H. halys. Because home invasion by H. halys is so pervasive in the Mid-Atlantic U.S.A., the vast majority of the public have first-hand experience in dealing with adults invading their homes during the autumn. Moreover, the forms requested the physical address and the colour and exterior structural material of the volunteer's homes. Volunteers were asked to record total daily counts of adult H. halys on the exterior walls, by wall aspect, during the peak autumnal dispersal period. This was defined as occurring between 15 September and 15 October, based on annual counts of H. halys on the exterior walls of a building in Winchester, Virginia (39 ∘ 6 ′ 46.343 ′′ N, 78 ∘ 17 ′ 2.572 ′′ W), showing that an average of 88.3% of all H. halys observed on exterior walls were recorded between 15 September and 15 October (Bergh & Quinn, 2018) . Counts were requested between 14.00 h and 18.00 h to standardize the sampling interval, based on data showing that peak daily counts on walls occurred during this timeframe (Bergh & Quinn, 2018) . The elevation of each home was established based on the physical address provided using veloroutes.org, a route planning and geo-analysis tool.
Landscape characterization
Because H. halys is capable of average flight distances of approximately 1-2 km per day (Lee & Leskey, 2015) , the landscape within a 1.5-km radius surrounding each volunteer's home was characterized as urban, rural crop, rural forest or rural residential. Landscape categories were designated using a combination of geographical classification systems. The categories 'urban areas' and 'urban clusters' in the U.S. Census Bureau's Classification System were combined to define 'urban' for the present study, both of which are based on a population density of > 1000 persons per square mile (> 1000 persons per 2.59 square km) (BOC, 2015) . All other geography not classified as urban was considered to be 'rural' under the U.S. Census Bureau classification system (BOC, 2015) . As a result of variations in rural landscapes across the sampling area, rural was further classified into three subcategories, using guidance from classification systems developed for biological control studies involving Coccinellidae at landscape-level scales (Gardiner et al., 2009) and the U.S. Department of Agriculture's Economic Research Service (Lubowski et al., 2006; USDA ERS, 2015) . 'Rural forest' and 'rural crop' subcategories were created based on measurements calculated with Google Earth Pro software indicating that the majority (≥ 60%) of the landscape consisted of either deciduous/coniferous forest or agricultural land. 'Rural residential' became the third rural subcategory as a result of many volunteers being located in housing communities that were not sufficiently densely populated to be considered urban, nor did they meet the requirements to be classified as rural forest or rural crop landscapes. Rural residential is a term used by the USDA ERS to describe land used for housing in rural areas (Lubowski et al., 2006) .
Data validation
Volunteers who returned their data sheets were considered for inclusion in the final analyses once they had been subjected to validation criteria, which is a critical quality control step often established to ensure accuracy when analyzing data (Hahn et al., 2016) . Thus, the five dates with the greatest StopBMSB.org website traffic across all volunteers' home states and the five days with the highest H. halys wall counts were used for comparison with citizen science data sets. The volunteer's date of peak H. halys activity was required to match one of these dates to be included for analysis. The number of data sets received from each state, along with those that were included for analysis in 2013 and in 2014, are reported in Table 1 .
Home surveys
To obtain background information on colour and structural material of homes commonly found in the Mid-Atlantic region, three volunteers' homes from each of the four landscape categories (urban, rural forest, rural crop, rural residential) were chosen as the central location to conduct a further survey. All homes located within a 1.5-km radius surrounding the selected volunteer's home were assessed in-person on the ground for colour and exterior structural material. In total, 11 411 homes in an area comprising 84.8 km 2 were surveyed over several months.
Statistical analysis
For all variables, the data used for comparisons consisted of the count on the date on which the peak number of H. halys were recorded from a given volunteer across the entire sampling period. The total number of H. halys reported by each volunteer was dependent on the number of dates that data were collected, leading to variability among volunteers. By using data only from the peak sample date for each participant, a better measure of maximum H. halys alightment was achieved. If a sample size of < 3 was reported for the variables of home colour or exterior structural material, it was discarded from the analysis because of an inability to calculate proper means, SEs and associated measures. When constructing the model to analyze the data, any variable with a variance inflation factor > 8 was excluded from the model to control for collinearity (e.g. correlation) among independent variables (Aho, 2014) . The best overall model combined structure colour, exterior structural material, landscape and elevation, and was analyzed using analysis of variance (anova). Inspection of residuals revealed deviations from the assumptions of normality, and so the data were log-transformed, after which expectations of normality and homogeneity of variance were satisfied. Upon a significant result from the model, pairwise comparisons were run using Tukey's honestly significant difference. A separate anova was run to analyze aspect, using the counts of H. halys according to aspect on the peak dispersal date for each volunteer (as described above), and employing the protocol outlined above, including the use of log-transformations. Data collected from the survey of homes were standardized within each replicate (three surveys each in urban, rural forest, rural crop and rural residential landscape categories) by using the percentage of homes of each colour or exterior structural material as a result of the wide variability in the absolute number of homes in different replicates (range 3447-4424 homes). Preliminary models indicated no interactions between variables, and so two anovas were run: one for each explanatory variable (colour and exterior structural material). This was carried out aiming to maximize the amount of data that could be used because each model required that some data were excluded for levels containing less than three observations. Each model used the arcsine-transformed percentage of homes of a given colour or material type to fulfill the assumptions of normality. Upon obtaining a significant result from the anova, Tukey's honestly significant difference was used for pairwise comparisons. All tests and procedures were conducted in r software (R Core Development Team, 2016) with = 0.05.
Results
2013
In total, 297 data forms were submitted by volunteers from 12 states (Table 1) and were subjected to validation criteria. 30 September and 1, 2, 3 and 4 October were the top five dates for peak H. halys activity according to the StopBMSB website and for peak H. halys activity according to building counts in Winchester, Virginia. Data sets matching peak H. halys activity on one of these five dates were included for analysis, which yielded 92 data sets.
Among volunteers, the exterior home colours reported were brown, tan, grey, red, green, white, yellow, blue, pink and silver; the latter four were eliminated from analysis because of a sample size of < 3 observations. The overall model explaining the abundance of H. halys on homes based on colour, structural material and landscape type was significant (F = 3.53; d.f. = 14,77; P < 0.001). In particular, colour was significantly related to H. halys abundance on home exteriors (F = 2.89; d.f. = 5,77; P < 0.02) ( Fig. 1a) , with over six, four and three times more H. halys on brown, tan and grey homes, respectively, compared with white homes. The exterior structural materials reported by volunteers were: stone, wood, cement, stucco, vinyl, brick and aluminum. Structural material was also found to be significantly related to counts of H. halys on homes (F = 4.00; d.f. = 6,77; P < 0.01) (Fig. 1b) . Specifically, there were over 7.5 times more H. halys on homes made of wood and stone compared with those having aluminum exteriors (Fig. 1b) . Landscape type in which a home was situated also was significant relative to H. halys counts (F = 2.74; d.f. = 3,77; P < 0.05) (Fig. 1c) . Among them, significantly more H. halys were recorded on the exterior of homes in all rural categories compared with urban landscapes, with rural forest yielding numerically greater counts across all landscape types (Fig. 1c) . The aspect of the home also was significant (F = 7.00; d.f. = 3364; P < 0.001) (Fig. 1d) . Based on the mean number of H. halys counted by aspect, 1.5 times fewer H. halys were recorded on south-facing than on east-facing walls (Fig. 1d ). Elevation was not related to H. halys abundance (F = 0.0066; d.f. = 1,75; P = 0.94) (data not shown).
2014
In total, 254 data forms were submitted by volunteers from 16 states (Table 1) and were subjected to validation criteria. 19, 22, 23, 29 and 30 September were the top five dates for peak H. halys activity according to the StopBMSB website and 18, 21, 26, 27 and 28 September were the top five dates for H. halys activity according to building counts in Winchester, Virginia. Data sets that matched peak H. halys activity on one of these 10 dates were included for analysis, which yielded 110 data sets.
The overall model explaining the abundance of H. halys on homes based on colour, structural material and landscape type was significant for 2014 (F = 3.65; d.f. = 15,94; P < 0.0001). The home colours reported by volunteers were: grey, red, brown, tan, yellow, green and white. As in 2013, colour was significant (F = 2.96; d.f. = 6,94; P < 0.01) (Fig. 1e ). There were 3.5 times more adults recorded on the exterior of grey than on white homes, with intermediate numbers of bugs recorded on homes of the other colours (Fig. 1e) . The exterior structural materials reported by volunteers were: stone, cement, wood, brick, vinyl, stucco and aluminum. Exterior structural material yielded a significant effect on the presence of H. halys (F = 2.21; d.f. = 6,94; P < 0.05) (Fig. 1f) ; homes with exterior material of wood and cement yielded significantly greater counts than all of the others reported, except for stone. Landscape type was again a significant factor influencing the presence of H. halys (F = 2.71; d.f. = 3,94; P < 0.05) (Fig. 1g) . As in 2013, fewest bugs were reported from homes in urban landscapes, with approximately seven times fewer than from homes in rural forest landscapes. Exterior wall aspect also affected the number of adult H. halys recorded (F = 15.6; d.f. = 3436; P = 0.0001) (Fig. 1h) ; there were almost twice as many adults on north-facing and east-facing walls compared with southern aspect walls. As in 2013, elevation was not related to H. halys abundance (F = 3.19; d.f. = 1,93; P < 0.08) (data not shown).
Home surveys
In total, 11 408 homes were surveyed to record their colour, exterior structural material, and the landscape type within which they were located. Overall, some colours were more common (F = 9.88; d.f. = 9,20; P < 0.0001) (Fig. 2) ; across landscape types, the three most common home colours were tan, red (mostly brick) and white, which were 1525, 655 and 542 times more abundant than the least abundant colour, purple. Certain exterior structural materials were more common than others (F = 7.60; d.f. = 7,16; P < 0.001) (Fig. 3) ; across landscape types, the three most common structural materials were vinyl, brick and wood, which were 190, 64 and 22 times more common, respectively, than the least common material, cement.
Discussion
Citizen scientist volunteers generated a robust data set and demonstrated the utility of this sampling approach for advancing our knowledge regarding the factors associated with serious nuisance issues caused by H. halys. Over 500 volunteers submitted data during the study and over 200 datasets were used in analyses, comprising many more than could have been generated by traditional independent research efforts. A similar number of citizen scientists have participated in prior entomology-based projects, including the well-known Buckeye Lady Beetle Blitz in Ohio. Although the additional step of data verification increased the cost, data reliability was increased (Gardiner et al., 2012) . Indeed, data reliability is the most questioned aspect of citizen science. Although tests and quizzes can be implemented to assess volunteer knowledge of the subject matter (Catlin-Groves, 2012), we did not add an insect identification component to our project because the Mid-Atlantic public has been exposed to extensive media coverage of H. halys from 2010 onward (Leskey et al., 2012) . In that year, Google Trends indicated a peak of public interest based on searches of 'brown marmorated stink bug' (Hahn et al., 2016) . However, because the pest has continued to cause significant problems, the media continued to report on this pest; examples include The Washington Post (Fears, 2011) , The Wall Street Journal (Haddon, 2012) , American University Radio (Ben-Achour, 2013) and National Geographic (Bittel, 2014) . Moreover, the public also utilized widely available Extension programmes and other information sources routinely (Rice et al., 2016; Rutgers, 2017a, b) , thereby providing regular updates, new information and learning opportunities for them.
In both years of the study, fewer H. halys were counted on the exterior of white homes compared with homes of other colours, despite white homes being the third most common colour type in the landscape. This confirms our hypothesis that structural attributes impact the presence of H. halys. Our results are in contrast to widely reported but unsubstantiated anecdotal stories claiming that white houses were most affected by H. halys. This is also in contrast to other species; for example, Obata (1986) reported that H. axyridis predominantly dispersed to and alighted on potential overwintering sites that were white or light-coloured. Highly contrasting linear striped target panels fastened to a white tarpaulin were also attractive to H. axyridis in another study (Nalepa et al., 2005) . Both studies suggested that H. axyridis may respond to visual stimuli that create a contrast in the environment, which may mimic suitable natural overwintering habitat such as cracks or crevices in rock outcroppings. Bergh and Quinn (2018) showed a significant, positive alightment response by dispersing adult H. halys to a 1-m 2 black panel mounted on a building wall, and the results from the present study conform to that finding. For example, in 2013 and 2014, respectively, adults were found in greatest numbers on the exteriors of brown and grey homes, although our survey of local homes revealed that brown and grey homes were less common than those of most other colours in the landscape. There were higher H. halys counts from homes with stone, wood or cement exteriors than from those with other exterior materials, even though vinyl was the most common exterior structural material recorded in the home survey, and cement was the least common material in the same survey. Overall, our results indicated that H. halys were more abundant on homes with natural exterior materials than those with synthetic exterior materials, such as vinyl. Natural materials may more closely mimic the overwintering habitats used by H. halys in nature, such as the thick bark of dry, dead, standing trees (Lee et al., 2014) or rock outcroppings.
Volunteers residing in rural forest, rural crop or rural residential landscapes recorded more H. halys on their homes than those in urban areas, although some urban residents have reported significant issues with overwintering H. halys. Volunteers residing in rural forest landscapes recorded the greatest numbers of bugs each year, suggesting that larger landscape-level structure plays a role in overwintering site selection. This landscape type was strongly associated with H. halys damage in commercial tomato fields, suggesting that wild host trees in forests may support larger resident H. halys populations (Rice et al., 2017) . This is likely associated with the fact that H. halys is considered to be an arboreal species (Rice et al., 2014) , utilizing many known deciduous tree and woody plant hosts (Bakken et al., 2015; Bergmann et al., 2016) . Heulsman et al. (2002) surveyed homeowners who experienced H. axyridis nuisance problems and also reported that volunteers who described the surrounding landscape as wooded experienced the greatest infestations.
Volunteers were asked to perform counts between 14.00 h and 18.00 h to increase the flexibility of sampling and to span the daily period of peak dispersal to buildings (Bergh & Quinn, 2018) . Generally, the peak alightment of H. halys on surfaces between 14.00 h and 16.00 h (Bergh & Quinn, 2018) . For H. axyridis, the highest numbers of adults were reported from south-facing walls (Liu & Qin, 1989; Kidd et al., 1995) , whereas, in the present study, the fewest H. halys were on south-facing walls during both years of study, concurring with Bergh and Quinn (2018) and also a prior study reporting the lowest abundance of H. halys on the southwest aspect of a shopping mall over 2 years (Goldner, 2016) . This contrasts with mostly anecdotal stories by pest control operators and media dispatches, which claim that the south-facing aspect is most susceptible to invasion by H. halys. Many studies cite photoperiod as a critical cue for adult H. halys diapause induction (Watanabe, 1980; Fujiie, 1985; Niva & Takeda, 2003; Toyama et al., 2011) , although overwintering site selection is likely a multistep process, influenced by interacting processes (Lee & Denlinger, 1991; Nielsen et al., 2016) . In other species, Bennett et al. (2003) found that the Arctic woollybear caterpillar Gynaephora groenlandica (Wöcke) (Lepidoptera: Lymantriidae) exhibited rheotaxic behaviour when selecting overwintering habitat by placing hibernacula on leeward sides of rocks to minimize desiccation from wind. In general, the prevailing winds come from the south and west during September and October in the Mid-Atlantic region (Weather Spark, 2017) .
Identification of the cues used by H. halys to select overwintering sites can provide information to homeowners regarding the likelihood of H. halys invasion and settlement within homes in affected areas. We found that the homes with the largest numbers of H. halys adults present on exterior walls in the autumn were constructed of natural materials, and were most often in forested rural areas. However, we are uncertain whether these exterior numbers will ultimately translate to larger numbers of H. halys found indoors because the specific site selection process within homes is not understood. Ultimately, homeowners seeking to eliminate adults from entering homes may use physical exclusion tactics such as taping, screening and caulking to reduce indoor infestations (Day et al., 2011; Jacobs, 2017; UMDHGIC, 2013; UMD, 2017; Bergh & Quinn, 2018) . These are especially important given that recent research has indicated that pheromone-based traps are ineffective at removing overwintering H. halys inside human-made structures (Morrison III et al., 2017a) . Natural enemies at overwintering sites, including spiders (Morrison III et al., 2017b) , may increase H. halys mortality to some extent, although their combined effects do not provide adequate control of this problem. Light-based traps have been used to remove overwintering H. halys adults that become active and enter the living space during the winter (Aigner & Kuhar, 2014) , taking advantage of their positive phototaxis (Leskey et al., 2015b) , although this may not completely eliminate indoor nuisance populations. However, our results provide new information on the complex series of behavioural steps related to overwintering site selection by H. halys and provide practical information about how exterior home and landscape features are related to the relative abundance of H. halys during the autumn dispersal period.
